Mitochondrial psychobiology is the study of the interactions between psychological states and the biological processes that take place within mitochondria. It also examines how mitochondrial behavior influence neural, endocrine, and immune systems known to transduce psychological experiences into health outcomes. Unlike traditional biological outcomes and mediators, mitochondria are dynamic and multifunctional living organisms. By leveraging a variety of laboratory tools including omics, scientists can now map mitochondrial behavior at multiple levels of complexity -from isolated molecular markers to dynamic functional and signaling outcomes. Here, we discuss current efforts to develop relevant measures of mitochondrial behavior in accessible human tissues, increase their biological specificity by applying precise measurements in defined cell populations, create composite indices reflecting mitochondrial health, and integrate these approaches with psycho-neuro-endocrino-immune outcomes. This systematic interdisciplinary effort will help move the field of mitochondrial psychobiology toward a predictive science explaining how, and to what extent, mitochondria contribute to the biological embedding of stress and other psychological states.
Introduction
Mitochondria are dynamic living microorganisms, unlike traditional molecular biomarkers used in medicine and psycho-neuro-endocrino-immunology (PNEI). Hundreds to thousands of small interacting mitochondria populate the cytoplasm of every cell across the human body (Figure 1 ) -except in red blood cells, which transport the oxygen needed to sustain energy flow within mitochondria. They are the only cellular organelle to contain their own genome -the mitochondrial DNA (mtDNA). Together, the mitochondrial and nuclear genomes produce components of the respiratory chain, a multi-protein system embedded within the mitochondrial membranes where the oxygen we breathe and the food we eat are consumed to generate a transmembrane charge, similar to batteries. Humans and other animals breathe to sustain respiration and energize their mitochondria. Energized mitochondria then produce the cellular energy currency (adenosine triphosphate, ATP) and regulate essential cellular processes including gene expression, cell differentiation, immunity, steroid hormone biosynthesis, oxidative stress, and cell death [1, 2] .
In response to signals from the environment -including stressors of various nature -mitochondria rapidly undergo changes in shape and function, and produce signals that influence cellular behavior and physiological stress responses systemically [3, 4] . In the clinic, genetic mitochondrial defects cause multisystem disease, and functional alterations in mitochondria are involved in common metabolic, neurodegenerative, immune, and neoplastic disorders [5] . Given their pervasive role in human disease, mitochondria now stand as the most studied organelle in biomedical research [6] . Developing suitable methods and approaches to examine their behavior in accessible human tissues, including blood, would constitute a powerful tool to explore the inter-disciplinary processes that shape human health and disease trajectories.
A challenge for biomedical and behavioral sciences is to understand the interaction among psychological and biological processes that jointly contribute to health and disease. This field -psychobiology -focuses on the bidirectional exchange of information between social/individual-level experiences and molecular processes. The cross-talk between these levels has historically been established and explored through the brain, endocrine, and immune systems -the domain of PNEI [7] . Landmark studies have documented the effects of mental/ emotional states at the molecular level including but not limited to inflammation [8] , gene expression [9, 10] , and telomere length [11] . This integration of concepts and methods across fields has revealed biological plausible pathways for the transduction of life events and psychological states into disease-relevant biological mechanisms [12] , which can eventually be targeted to promote successful adaptation across the lifespan.
In this article, we briefly discuss the scientific rationale for examining the role of mitochondria in human psychobiology. The resulting research field -mitochondrial psychobiology -aims to map the interactions between psychological states and the biological processes that take place within mitochondria. We describe available methods and approaches to assess mitochondrial health in human blood and other tissues and discuss the advantages, limitations, and technical considerations in interpreting genomic, molecular, functional, and physiological data. We end by outlining opportunities for developing integrative indices of mitochondrial health.
Mitochondrial psychobiology: an emerging field
Two main lines of work suggest that mitochondria play a mediating role in the stress-disease cascade. First, mitochondria respond to induced stress in animal models [13] and to stress hormones in cellular in vitro studies [14] . Mitochondria are sensitive to stress mediators and can accumulate mitochondrial allostatic load (MAL) [15 ] . Second, mitochondrial dysfunction triggers symptoms and physiological alterations upon the brain, immune, and endocrine systems, including inflammation that overlap with the symptoms of stress pathophysiology [16] . Dysfunctional mitochondria are thus capable of triggering cellular and physiological consequences similar to those of chronic stress. Mitochondria's dual role as i) target of stress and ii) source of signals, leads to the hypothesis that they contribute to the transduction and biological embedding of stressful and positive psychosocial experiences [16] .
This hypothesis has only been partially supported by animal research and indirectly by a small number of human studies (see Ref. [13] for a systematic review). As a field, mitochondrial psychobiology is early in its development. Nevertheless, available preliminary evidence in humans suggest that chronic psychological stress and psychopathology are associated with molecular and functional alterations in specific aspects of mitochondrial biology, including whole blood mtDNA copy number (mtDNAcn) [17, 18] , enzymatic activities [19 ] , and cellular respiration [20, 21, 22 ]. Recent findings also suggest that chronically depressed individuals [23] , suicidal patients [24 ] , and healthy adults acutely exposed to laboratory psychological stress [25, 26] exhibit elevated levels of serum and plasma circulating cell-free mitochondrial DNA (ccf-mtDNA) -likely actively extruded secondary to stress signals [26] . Notably, ccf-mtDNA levels may increase with age and stimulate pro-inflammatory cytokine production [27, 28] , suggesting that ccf-mtDNA could mediate the effects of psychological stress on immune activation, although this remains to be demonstrated.
This preliminary evidence calls for further human mitochondrial psychobiology studies, while also emphasizing the need for accurate and specific methods to establish to validity and generalizability for the influence of psychological states on mitochondria. As we discuss below, known confounds limit the interpretations of results from studies using whole blood as source material, of measures obtained from cell mixtures such as peripheral blood mononuclear cells (PBMCs), and of existing methods that do not enable to isolate mitochondrial function(s) from other cellular factors.
Conceptually, there are important implications to recognizing mitochondria as dynamic living organisms whose complex behavior can be disrupted in different ways (Figure 1 and Video S1). Consider, as an analogy, the complexity of psychological and behavioral processes in humans: Individuals exhibit a range of normal and abnormal neuropsychological functions, personality types, and behaviors that present as a spectrum and cannot be captured by a single measure. In the same way, mitochondrial psychobiology will need to adapt robust methods to quantify key domains of mitochondrial behavior, and to develop a framework that encompasses the spectrum of normal and abnormal mitochondrial phenotypes, or mitotypes.
The hypothesis that mitochondria contribute to the biological embedding of psychological states -both positive and negative -can only be tested using robust PNEI methods and approaches directly informed by knowledge of cellular and mitochondrial biology. The next section 'Mitochondrial omics' explores the current toolkit available to scientists to probe different facets of mitochondrial behavior.
Mitochondrial omics
This section describes various facets of mitochondria, ranging from the most fundamental to the most complex level of biological organization. We structure the presentation of each level of analysis by addressing the following issues: the type of biological material used; how each measure is collected; how the data are interpreted; how each level is regulated (plasticity); and the major caveats. Figure 2 shows additional information about the scientific value derived from each level. 
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Overview of the types of methods and levels of biological complexity available to study mitochondrial behavior. The diagram is arranged from left to right according to the flow of biological information from the genomic material (left) toward more complex levels of organization and function (right). But information also flows in the reverse direction; for instance, metabolites influence epigenetic regulation and gene expression. Measures not shown include ccf-mtDNA and live cell imaging of mitochondrial movement. How specific dimensions of mitochondrial behavior, alone or in combination, influence whole-organism physiological functions and health outcomes remain to be established (right). Abbreviation: DNAm, DNA methylation; mRNA, messenger RNA; mtDNAcn, mitochondrial DNA copy number; PTM, post-translational modifications; ROS, reactive oxygen species; Dcm, mitochondrial membrane potential.
Genomics
Genomic investigation is accomplished through genotyping or DNA sequencing, which can be performed on DNA extracted from any cellular material. The outcome measured is the identity (for genotyping) and precise order (for sequencing) of nucleotides within the nuclear or mitochondrial genomes, both of which encode mitochondrial components. The measured sequence is aligned and compared to a reference human genome, which yields information about naturally occurring single-nucleotide polymorphisms (SNPs) and pathogenic variants (i.e. mutations) susceptible to influence the function of mitochondrial proteins [29] . The genomic material is mostly inherited and thus not subject to acute regulation, but new mutations can occur within years to decades, particularly in the mtDNA [30] . The main caveat of this approach is that the functional significance of SNPs is difficult to establish and several levels of regulation described below in sections b) through h) modulate and buffer the influence of genetic information on actual mitochondrial behavior.
Epigenomics
Epigenomics refers to the process of mapping the reversible modification of the DNA or its associated proteins. The existence of a mtDNA epigenome is controversial but there is epigenetic regulation of mitochondrial proteins encoded in the nDNA [31] . Epigenomic data, such as cytosine methylation or histone acetylation, are collected from isolated DNA or cellular material by measuring the presence of specific chemical modifications in specific genomic locations. Data on specific epigenetic marks are classically interpreted relative to a control group or by combining multiple CpG methylation values into composite scores such as epigenetic age [32] , which can be correlated with an outcome of interest (e.g. stress exposure). The human epigenome is believed to be regulated within weeks to decades by environmental factors, with a contribution of inherited patterns. Major caveats include the high dimensionality of the data (850,000 data points for the most common DNA methylation array) and that DNA methylation analysis alone does not provide information about the direction of change in gene expression.
mtDNA analysis
The mitochondrial genome can vary in integrity (deletions, mutations) and in its abundance or number of copies per cell (mtDNAcn). mtDNA measurements can be done on isolated genetic material from any biological tissue. Quantitative PCR or gel-based methods are used to quantify mtDNA integrity detected as genomic damage, and mtDNAcn is easily determined by quantifying the number of mtDNA molecules relative to the nuclear genome (mtDNA/nDNA). Various factors, including higher cellular energy demand or decreased mitochondrial energy production capacity (i.e. mitochondrial dysfunction), can both cause compensatory elevations in mtDNAcn [33] . Thus, a major caveat of mtDNAcn is that it does not reflect the downstream functional state or behavior of mitochondria and requires other measures for its biological interpretation. Moreover, in blood, circulating platelets do not contain a nucleus (nuclear DNA) but contain mtDNA (Figure 1a) , which skews the mtDNA/nDNA ratio in isolated PBMCs with platelet contamination, and particularly in whole blood where mtDNAcn is minimally, if at all informative [34] . The mitochondrial genome is also found in cell-free plasma and serum as ccf-mtDNA, which does not contribute to cellular energetics and likely plays a signalling role [23,24 ,25,26] . Further caveats to the measurements and interpretation of mtDNAcn are discussed elsewhere [35] .
Transcriptomics
Gene expression produces transcripts (RNAs) whose levels illustrate the extent to which different genes are active or inactive. Because transcripts are particularly labile, they are detected from cellular and non-cellular (e.g. extracellular particles) fractions generally treated with a special additive to preserve RNA integrity at the time of collection. Transcript numbers are quantified either in a targeted way by qPCR or microarray [36] , or in an unbiased way by RNA sequencing (RNAseq) [37] . The data are interpreted on a per-gene basis or by gene families grouped by functional significance, compared across individuals or over time. The transcriptome is under partial genomic and epigenomic regulation but is mostly under the control of transcription factors (e.g. the glucocorticoid receptor) and other regulatory events that acutely change transcript levels within minutes to days. The major caveats with transcriptomic analysis are the dimensionality and complexity of the resulting datasets, and the lack of direct relation to mitochondrial function since transcript levels alone do not determine protein abundance nor their eventual activities.
Proteomics
Proteins are the building blocks that enable mitochondria to perform hundreds of specific biochemical reactions; each protein performs a specific function. Proteins are detected and quantified from cells and plasma/serum. Quantification is based on either immune-based detection (e.g. Western blotting or ELISA for single or few proteins) or higher throughout methods such as mass spectrometry-based proteomics (for hundreds of proteins) [38] . The data for individual proteins or families of proteins are interpreted based on the known function of each protein, with an elevation in a given protein generally assumed be associated in elevated activity or process associated with this protein(s). Protein amount is regulated within minutes to days by the translation of RNA into proteins and by quality control process that actively degrade dysfunctional proteins. The major caveat with proteomics is the lack of sensitivity for proteins present in very low abundance (including key mitochondrial proteins) and certain mitochondrial proteins embedded within lipid membranes (i.e. hydrophobic) that makes them difficult to detect [39] .
Because the activity of proteins is post-translationally regulated by many factors, protein abundance detected by proteomics may also not directly translate into functional mitochondrial changes.
Enzymatic activities
Enzymatic activity reflects the actual biochemical reactions performed by single proteins (e.g. citrate synthase, a marker of mitochondrial content) or complexes of proteins, such as cytochrome c oxidase, a large 13-protein complex that consumes oxygen among the respiratory chain and enables energy transformation. Enzymatic activity is measured from fresh or frozen cells. Specific activities are quantified dynamically through colorimetric or light-based detection systems on freshly homogenized samples and ideally normalized on a per-cell basis [19 ] . Isolated activities for different enzymes reflect their maximal activity within known biochemical pathways (e.g. energy production capacity) and reflect the capacity of a given process or behavior. Enzymatic activities are regulated within seconds to minutes by changes in the biochemical and metabolic environment that induce posttranslational modifications, and by the total amount of the protein. The major caveat with enzymatic activities is that it may degrade over time under suboptimal storage conditions [40] , unlike the inert biomolecules like DNA described above. Samples destined for functional measurements should be stored in liquid nitrogen (<À150 C). Moreover, the throughput of enzymatic assessments is intermediate relative to high-throughput molecular omics (above) and low-throughput functional methods (below).
Mitochondrial functions and dynamics
Mitochondrial functions include oxidative phosphorylation (OXPHOS), calcium uptake, reactive oxygen species (ROS) production, mitochondrial dynamics of fusion and fission, and many others that are of functional relevance to cellular and organismal behavior. These functional readouts are measured from freshly collected cells and mitochondria. When whole intact cells are used, measures reflect the cellular demand and constraints that cells pose on mitochondria [20] , whereas measures on permeabilized cells and isolated mitochondria reflect the isolated maximal capacity of the organelle [41] . Respiration rate is quantified using either Clark-type oxygen sensors or extracellular flux analysis, which assesses how much oxygen is consumed over time [42] . Other functions are assessed via fluorescence-based methods and microscopy. Mitochondrial functions and dynamics are regulated within seconds to hours by a large number of factors including the metabolic state of the cell, neuroendocrine factors, and other molecular regulatory changes [43] . Attempts have been made to cryopreserve PBMCs for later functional measurements but although mitochondria mostly preserve the ability to respire, cryopreservation can alter mitochondrial respiratory coupling efficiency and possibly other mitochondrial properties due to membrane damage. The main caveat with functional measures is the need to perform measurements within minutes to hours on freshly collected cells, limiting throughput, increasing technical variability between samples, and requiring exceptional standardization of procedures.
Metabolomics
The metabolome is the sum of metabolites (e.g. glucose, lactate, lipids) that reflect the sum of biochemical activities in a given system. Metabolites are measures in cells or in cell-free plasma or serum. Each metabolite is quantified either in a targeted or untargeted manner, for example by mass spectrometry-based methods. Metabolite levels are interpreted based on their relation to one another, and their belonging and position within specific biochemical pathways. The metabolome can change within seconds to minutes under the influence of mitochondrial metabolism and other cellular metabolic pathways, and can be used to link known mitochondrial pathways to symptoms (e.g. fatigue) [44] . The main caveats of metabolomics relate to the technical complexity that require the use of core services for most laboratories, and to the specificity of changes in the metabolome, which do not directly reflect mitochondrial behavior in any specific organ. Different organs have different metabolomes [45] and the signal from a given population of mitochondria (e.g. brain mitochondria) is diluted in the circulation with the signal emanating from other tissues, making changes in plasma or serum difficult to interpret.
A roadmap that illustrates the application of these methods and approaches to different cellular and liquid fractions derived from human blood is shown in Figure 3 . A list of mitochondrial outcomes, the biological tissues required to measure them, and other considerations are provided in Table 1 .
Integrative indices and composites of mitochondrial health
Mitochondria are multifaceted organelles but our methods to study them are necessarily reductionist. We measure individual elements of mitochondrial composition and activity in an effort to understand their integrated functions and overall behavior. Data-driven multivariate functional indices will likely be necessary to capture interpretable signatures of mitochondrial health or dysfunction. This is analogous to the situation in functional neuroimaging where individually measured brain regions are integrated into multivariate patterns to derive meaningful activity signatures reflecting the state of a person's brain [46] ; or with epigenetic aging where DNA methylation levels measured at dozens or hundreds of positions throughout the genome are integrated within multivariate algorithms (e.g. clocks) to predict age [47] . This capturing of complex states from more simple measures integrated via machine learning and related computational approaches is an increasingly common practice in the biomedical and psychological sciences [48] . Similarly, we envision that individual mitochondrial measures can be integrated into quantitative signatures or indices that will most faithfully capture mitotypes and their relation to PNEI processes (Figure 4) . Within study designs, such customized mitochondrial health indices can then be operationalized as either i) downstream outcomes from psychosocial/neuroendocrine exposures, ii) mediators, or iii) predictors of health outcomes.
Two initial approaches have been attempted to develop integrative mitochondrial health indices. The first, known as the bioenergetic health index (BHI) [49] , integrated four measures of cellular respiration obtained during a protocol where mitochondria are sequentially inhibited and stimulated to obtain respiratory capacity under different conditions; it has not been studied in the context of psychobiology or PNEI. Another index integrated two enzymatic 
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Different blood fractions and cellular compartments that can be queried with mitochondrial function assays.
(a) Biological measure on human blood can be performed at different level of biological specificity. The least specific is whole blood, which contains the liquid fraction of blood plus various cell types (mainly red blood cells, white blood cells, and platelets). Centrifugation of whole blood allows to separate liquid (serum and plasma) and cellular fractions. Additional centrifugation steps with density gradients (Ficoll 1077, 1119, etc.) allow to separate cell mixtures. Additional purification steps based on antibodies recognizing specific cell surface markers can isolate with a greater degree of specificity specific leukocyte cell types, and subtypes of cells in different states from which mitochondrial functions and behavior can be measured. Note that serum is the liquid fraction recovered after coagulation, whereas coagulation inhibitors are used to obtain plasma. A secondary centrifugation step at high speed (5,000-10,000 g, >10 min) can ensure that serum/plasma are free of cellular components. activity measures of energy production capacity and two markers of mitochondrial content to yield the mitochondrial health index (MHI) [19 ] (see Figure 4 ). In this study of 91 women (half of whom were caregivers), MHI measured in total PBMCs was correlated with positive mood 1-2 days preceding measurement only, suggesting that mood influences mitochondrial function [19 ] .
As we move toward a predictive science for mitochondrial psychobiology, a foundational step will consist in determining, both cross-sectionally and longitudinally, how novel mitochondrial health indices interact with established markers of PNEI-related biological processes including inflammation, cellular aging, and immunosenescence (e.g. in Ref. [50] ). In keeping with the concept of allostatic load, which views physiological perturbations as adaptive recalibrations [51] , structural and functional recalibrations in mitochondrial measures could similarly be interpreted as mitochondrial allostatic load (MAL) [15 ] . Although recalibrations and changes in mitotypes can be adaptive, chronically they can lead to wear-and-tear and pathophysiology. 
Conceptual and technical considerations
Mitochondrial measurements from blood cells reflect their function in the immune system. But a potential limitation to their extrapolation and relevance to human health at large is that they may not reflect mitochondria in other relevant target tissues. However, some but not all [52] studies of mitochondrial respiratory capacity support the notion that immune cell mitochondrial function reflect mitochondria in other tissues, including skeletal muscles, [53] and the brain [54, 55] , suggesting the existence of mechanisms to harmonize the function mitochondria across organ systems.
To maximize the potential benefits of investigating mitochondrial outcomes in human blood, some technical and conceptual factors should be considered. Factors influencing the measurements of blood cell mitochondrial functions include the potential selection bias between types of leukocytes (monocytes, neutrophils, and lymphocytes [56 ] ), platelets contamination of leukocytes [34] , delays and temperature for blood processing [57] , and composition of assay buffers including glucose concentration [58] . Unlike DNA, storage temperature and duration can affect functional measures, including enzymatic activities [40] . Technically, we recommend the systematic and complete reporting of key procedures and analyses (see Figure 3c ). Implementing these recommendations will help us not only reach robust interpretation of the data for single studies but also enhance reproducibility and consistency across laboratories.
Conclusions
Overall, existing evidence suggests that mitochondrial mechanisms may contribute to the transduction of psychological states into biological changes relevant to human health and disease. Rigorously testing this hypothesis in humans will require methods informed by principles of mitochondrial biology, developed for specific purified cell types to enable reliable interpretations. On the analysis side, computational approaches leveraging multi-omic and integrative indices will also likely play a substantial role in moving us from overly reductionist to more holistic and predictive models. Successfully bridging the gap between mitochondrial cell biology, the psychosocial sciences, and PNEI has the potential to inform us not only about how adverse and positive psychological experiences influence disease risk, but also to uncover fundamental mechanisms that sustain normal states of health.
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(a) To better capture mitochondria behavior, multiple functional outcomes can be integrated into indices that reflect complex mitotypes and can distinguish groups of individuals (e.g. high versus low stress). (b) Simple biologically-informed mitochondrial health indices (MHIs) can be built to reflect mitochondrial functional capacity on a per mitochondrion basis (e.g. in Ref. [19 ] ). (c) Indices can further be improved by weighing each measured parameters and/or by including additional relevant mitochondrial measures across levels of complexity (see Figure 2) ; darker color indicates higher biological complexity as per Figure 3 . (d) Individual measures, indices, and optimized indices can be used to build predictive models whose performance can be compared and cross-validated using machine learning-based approaches. The diagram illustrates a decision boundary (red) established by optimizing the cost function in a probabilistic classification vector machines (PCVM) model to separate two hypothetical groups of individuals, each represented by a datapoint (e.g. blue, low stress; red, high stress). Abbreviations: MHI, Mitochondria Health Index; mtDNA, mitochondrial DNA; PCVM, Probabilistic Classification Vector Machines.
